1. Introduction {#sec1}
===============

Wearable devices are revolutionizing the field of medical care by recording, transmitting, and monitoring real-time biopotential signals.^[@ref1]−[@ref3]^ In the case of biopotential signals like those of electroencephalograms (EEGs), electrocardiography (ECG), and electromyography (EMG), long-term recordings can provide useful medical information to patients in critical care, diagnosis, and home healthcare.^[@ref4]−[@ref6]^ However, the conventional Ag/AgCl electrodes that are currently used in hospitals are not suited for these long-term recordings. The use of a conductive gel increases their impedance with time as the gel dries out, which results in poor signal quality over long durations. The conductive gel also might cause irritation and discomfort to the patients during long-term recordings.^[@ref7],[@ref8]^

In order to overcome the challenges associated with conventional electrodes for their use in continuous monitoring of biopotential signals, there has been a surge in research dedicated to developing flexible, conformable, and durable dry electrodes. The aim is to develop highly flexible, conductive, and biocompatible dry electrodes that do not require any skin preparation or application of a conductive gel for measuring electrophysiological signals. There are several methods that have been proposed to fabricate the flexible dry electrodes: (a) Metal-coated polymer substrate-based electrodes possess high conductivity, but most metal films or patterns prepared using vacuum deposition and photolithography exhibit poor adhesion with the flexible polymer substrate along with the issues of high costs and time consumption.^[@ref9]−[@ref11]^ (b) Polymer and conductive filler composite-based dry electrodes have been reported, but a uniform dispersion of such conductive fillers is difficult in order to obtain highly conductive polymer composites. Moreover, the obtained electrophysiological signals have low amplitude and poor signal to noise ratios because of the low conductivity of the polymer and conductive filler composite electrodes.^[@ref12]−[@ref14]^ (c) Microneedle-based dry electrodes provide good quality signals, but the fabrication of such electrodes requires clean-room facilities with sophisticated equipment and complicated procedures. Additionally, due to their invasive nature and the risk of microneedle breakage during the insertion process, they are not suitable for long-term signal monitoring.^[@ref15]−[@ref18]^ (d) Silver nanowires (AgNWs) and polydimethylsiloxane (PDMS)-based flexible dry electrodes have been previously fabricated by drop-casting methods. However, adhesion of AgNWs with PDMS and cytotoxicity of AgNWs and PDMS-based dry electrodes have not been evaluated in studies.^[@ref19]−[@ref21]^

To overcome the above issues, we propose a programmable mechanical cutter and vacuum filtration method to fabricate dry electrodes. A programmable mechanical cutter is a promising and cost-effective equipment to obtain direct patterns. The desired stencil for the pattern was designed using the programmable mechanical cutter. The vacuum filtration technique is used to obtain a thin film of silver nanowires on the patterned filter paper. The vacuum filtration technique is considered as a simple approach to get an ultrathin and homogenous film as compared to the drop-casting method. Moreover, the thickness of the films can be tuned by the amount and concentration of the solution to be filtered. When PDMS is poured onto the patterned AgNW network on filter paper, the PDMS impregnates into the patterned AgNW network. Simultaneously, the setup is attached to a vacuum pump, which further enhances the penetration of PDMS into the AgNW network, resulting in excellent adhesion between the PDMS and the patterned AgNW network making it highly reliable for long-term electrophysiological signal recording. The AgNW/PDMS dry electrodes fabricated using this method exhibited high conductivity (0.6 Ω/sq) and recorded good quality electrophysiological signals with a signal to noise ratio of 25.4 dB, which is comparable with the conventional Ag/AgCl electrodes (24.6 dB).

2. Experimental Section {#sec2}
=======================

2.1. Synthesis of Silver Nanowires (AgNWs) {#sec2.1}
------------------------------------------

In a modified polyol process,^[@ref22],[@ref23]^ 0.094 M silver nitrate (AgNO~3~) (Merck Specialities Co.), 4 M copper(II) chloride dihydrate (CuCl~2~·2H~2~O) (Merck Specialities Co.), and 0.147 M polyvinylpyrrolidone (PVP, Sigma-Aldrich) in ethylene glycol (Merck Specialities, Emparta) were prepared by ultrasonication for 1 h. Meanwhile, 25 mL of ethylene glycol in a glass flask was preheated at 152 °C in an oil bath with continuous magnetic stirring for 1 h. After 1 h, nitrogen gas was introduced in the glass flask through a three-way stopper, and 200 μL of 4 M CuCl~2~ solution was added to the preheated ethylene glycol. After 20 min, 7 mL of 0.147 M PVP solution and, subsequently, 7 mL of 0.094 M silver nitrate solution was added to the reaction mixture. The reaction was carried on for 1 h and 20 min; after which, it was stopped by quenching the flask in cold water. After quenching, the final AgNW solution was diluted with acetone and centrifuged at 3000 rpms for 5 min followed by washing with ethanol three times. As-obtained AgNWs were dispersed in IPA and stored in a glass vial for further characterization and use.

2.2. Fabrication of Silver Nanowires and PDMS-Based (AgNW/PDMS) Dry Electrodes {#sec2.2}
------------------------------------------------------------------------------

For the fabrication of AgNW/PDMS dry electrodes (see [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03678/suppl_file/ao9b03678_si_001.pdf) in the Supporting Information), first, an adhesive polyimide tape on the PET substrate was patterned using a programmable mechanical cutter (Silhouette Cutting Machine 3.0) as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a. The pattern was a 15 × 15 mm square area with a 4 mm × 2 mm rectangular extension to make wire connections. The patterned polyimide tape was transferred onto a filter paper (Pall, 0.2 μm), which was then secured on the filtration assembly with a thermal resistant tape as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b,c.

![(a--f) Schematic illustration of the fabrication process of AgNW/PDMS flexible dry electrodes.](ao9b03678_0002){#fig1}

In order to fabricate the patterned AgNW layer, the AgNW solution was added slowly using a 3 mL Pasteur pipette in the patterned area on the filter paper as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c. The AgNW solution was vacuum-filtered for 10 min. Thereafter, the AgNWs deposited on the filter paper were left to dry for another 10 min. A vacuum-degassed 10:1 ratio of the PDMS base and curing agent mixture (Sylgard 184 Silicone, Dow Corning, U.S.A.) was then poured over the patterned AgNWs and cured for 2 h with an infrared lamp as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d. The entire process was carried out with a vacuum pump attached to the filtration assembly to allow the penetration of PDMS into patterned AgNWs before it gets cured. The partially cured PDMS mixture on the AgNW network is transferred onto a hot plate along with the filter paper and cured for 60 min at 80 °C as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}e. When the PDMS film was peeled off of the filter paper after complete curing, the AgNW network was smoothly transferred from the filter paper to the PDMS film as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}f. The wire connections were made using silver conductive adhesive paste and epoxy. The metal snaps were soldered to the end of the wires to make connections to the Biopac MP36 system ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03678/suppl_file/ao9b03678_si_001.pdf), Supporting Information).

2.3. Characterization {#sec2.3}
---------------------

X-ray diffraction (XRD) was obtained by X'Pert Pro and EMPYREAN (PANalytical, The Netherlands) with Cu Kα (1.54184 Å). SEM micrographs were obtained by using ZIESS FIB-SEM (operating voltage of 5 kV). The sheet resistance of electrodes was measured using a Hall measurement system (HMS-3000). The electromechanical behavior of the AgNW/PDMS electrodes is carried out with Mark 10 Force torque measurement products (U.S.A.) and Precision Source Measure Units (Keysight B2900A). Skin-electrode impedance measurements were carried out by (Alpha and Beta Analyzer, Novocontrol Technology, Germany) a broadband dielectric spectrometer. Electrophysiological signals were monitored by using Biopac Systems Inc., U.S.A. MP36R. The active area of the fabricated AgNW/PDMS electrodes was maintained almost the same as that of the Ag/AgCl wet electrodes in order to compare the skin-electrode impedance values and the quality of electrophysiological signals (see [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03678/suppl_file/ao9b03678_si_001.pdf), Supporting Information). Velcro straps were used in the case of AgNW/PDMS dry electrodes for measuring electrophysiological signals. The ECG signals were obtained simultaneously from Ag/AgCl and AgNW/PDMS electrodes in the lead I configuration. For EMG signal recording, the electrodes were placed on the forearm of the subject.

2.4. Cytotoxicity of AgNW/PDMS Electrodes {#sec2.4}
-----------------------------------------

The AgNW/PDMS electrodes were incubated with DMEM (Gibco, U.S.A.) and cell culture media for 7 days, and media aliquots were taken every alternate day (day 1, 3, 5, and 7). L929 (mouse fibroblast) cells were seeded in a 96-well plate (∼1 × 10^4^ cells/well) and incubated overnight. The toxicity was assayed for media collected on days 1, 3, 5, and 7. The plate was then incubated for 24 h at 37 °C. After that, 10 μL of 5 mg/mL MTT dye (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (Sigma) was added to each well and incubated for 4 h. Subsequently, 100 μL of DMSO was added and incubated for 1 h. The absorbance at 560 nm and background scattering at 690 nm were measured in a SpectraMax M2 (Molecular Devices, California, U.S.A.) plate reader. The absorbance values were used to calculate the viability of cells in comparison to buffer control and plotted along with standard errors. The assay was repeated twice. The viability of cells was compared to the viability of control cells with fresh media, and the percentage viability was calculated. Triton X 100 was kept as a control, which showed maximum cell death. Cellular morphology was imaged using phase-contrast microscopy (Leica, Germany).

3. Results and Discussion {#sec3}
=========================

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a shows the XRD pattern of as-synthesized AgNWs. The five distinct peaks of (111), (200), (220), (311), and (222) confirmed the FCC structure of silver.^[@ref24]^ The slight broadening of the peaks can be attributed to the nanoscale diameter of the silver nanowires. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b,c illustrates the SEM micrographs of as-synthesized silver nanowires at magnifications 1 k and 10 k, respectively. It was observed from the SEM micrographs that the average length and diameter of AgNWs were 20--30 μm and 200--250 nm, respectively, giving them a high aspect ratio. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d,e shows the optical images of the fabricated AgNW/PDMS electrode and electrode patch, respectively, while [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}f shows its cross-sectional SEM micrograph. The thickness of the patterned AgNWs on the PDMS substrate is approximately 10 μm as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}f.

![(a) XRD diffraction pattern, (b, c) SEM micrographs of silver nanowires, (d) optical images of the AgNW/PDMS dry electrode, (e) AgNW/PDMS electrode patch, and (f) cross-sectional SEM images of AgNW/PDMS dry electrodes.](ao9b03678_0007){#fig2}

The purpose of dry electrodes is to ensure long-term continuous monitoring of electrophysiological signals. In order to fulfill that, it is desirable that the dry electrodes are durable and reliable over a long period of time. In this case, the active material is the AgNWs layer, which should remain intact. In order to confirm the adhesion of silver nanowires, a Scotch tape adhesion test was performed on the fabricated AgNW/PDMS dry electrodes as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a--d. A strip of Scotch tape was removed and placed on the AgNW film on the PDMS substrate as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a. It was smoothed using fingers and pressed to ensure good contact between the tape and the AgNW film. Within 30 s of applying the Scotch tape, it was removed in a single fast motion as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b,c. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d shows an image of the Scotch tape after peeling it off from the electrode. The Scotch tape showed no traces of AgNWs (see [Movie S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03678/suppl_file/ao9b03678_si_002.mp4) of the Supporting Information). The adhesion strength of AgNWs on the PDMS film was measured using Scotch tape and Mark 10 Force torque measurement products (U.S.A.). The AgNW/PDMS electrode was firmly secured on the lower stage of Mark10. Scotch tape was placed on the AgNW/PDMS electrodes and pressed to ensure good contact between the Scotch tape and AgNW/PDMS electrode, and another end of the Scotch tape was attached to the upper grip of Mark 10 as shown in [Figure S4a](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03678/suppl_file/ao9b03678_si_001.pdf). After that, the Scotch tape was removed at the rate of 100 mm/min using Mark 10, as shown in [Figure S4b,c](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03678/suppl_file/ao9b03678_si_001.pdf). The adhesion strength versus distance curve is shown in [Figure S4d](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03678/suppl_file/ao9b03678_si_001.pdf). As shown in [Figure S4d](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03678/suppl_file/ao9b03678_si_001.pdf), the adhesion strength of patterned AgNWs on PDMS was calculated to be approximately 0.8 N. The adhesion test affirmed the conclusion drawn from the SEM images that the PDMS penetrated into the AgNW network resulting in very good adhesion. The film was completely intact even after multiple rounds of applying and peeling off the Scotch tape. It showed no deterioration even on applying on the skin for long hours. Thus, these electrodes could be used multiple times and for long durations for electrophysiological signal acquisition.

![(a--d) Scotch tape adhesion test of the pattern AgNWs on the PDMS substrate. (e) Skin-electrode impedance measurements of the Ag/AgCl and AgNW/PDMS dry electrodes at the forearm.](ao9b03678_0006){#fig3}

Next, we measured the electrical resistivity of the electrodes and skin-electrode impedance, which are major characteristics governing the quality of the electrophysiological signals. The sheet resistance of the fabricated AgNW/PDMS electrode before and after the adhesion test was estimated to be 0.6 and 0.8 Ω/sq, respectively. Further, we examined the electromechanical behavior of the AgNW/PDMS dry electrode (see [Figure S5a--c](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03678/suppl_file/ao9b03678_si_001.pdf), Supporting Information). As shown in [Figure S5a](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03678/suppl_file/ao9b03678_si_001.pdf), resistance and the relative change in resistance of the AgNW/PDMS electrode increases with the applied strain.^[@ref23],[@ref25]−[@ref27]^ The resistance values of the AgNW/PDMS electrode at 0% and 50% strain were calculated to be 1.54 and 2.44 Ω, respectively. [Figure S5b](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03678/suppl_file/ao9b03678_si_001.pdf) shows the relative change in resistance of the AgNW/PDMS electrode versus time under cyclic stretching and releasing at a strain of 20%, indicating a stable and reliable response to cyclic strain. As shown in [Figure S5c](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03678/suppl_file/ao9b03678_si_001.pdf), the resistance of the AgNW/PDMS electrode is insensitive to the bending angle. For measuring the skin-electrode impedance, a pair of electrodes was placed 2 cm apart on the forearm without any surface preparation. It is known that the skin-electrode impedance changes with the location of the electrodes and from person-to-person. Hence, all the measurements were done on the same subject who participated in the recording of the electrophysiological signals. The impedance was measured in the frequency range of 1 Hz to 1 kHz. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e shows the impedance associated with the Ag/AgCl and AgNW/PDMS electrode. The skin-electrode impedance values at 10 Hz for Ag/AgCl wet electrodes and AgNW/PDMS dry electrodes were measured to be 400 and 374 kΩ, respectively. The order of the impedance values is similar to the values reported for AgNW-based dry electrodes.^[@ref19]^

As the dry electrodes are fabricated for long-term signal recordings, it is important that the electrodes have no cytotoxicity effects during long-term contact with the skin. MTT assay tests were performed to check the cytotoxicity of the AgNW/PDMS electrodes.^[@ref28],[@ref29]^ Since the electrodes are applied on the skin during the biopotential signal measurements, their cytotoxicity was assayed using L929, a mouse fibroblast cell line. Analysis of toxicity of the AgNW/PDMS dry electrodes was done by incubating the chips with cell culture media. The media in contact with the electrodes was collected and added on L929 cells to check the cytotoxicity. The cells remain viable in the presence of the media and did not show any change in morphology as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a--d. As shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}e, about 90% cell viability was observed over the course of one week, indicating that the AgNW/PDMS electrodes do not release any cytotoxic components as compared to control. Hence, the test results showed that the presence of silver nanowires had no cytotoxic effect on the living cells, and therefore we believe that these electrodes could be used for long-term continuous electrophysiological signal recordings.

![(a--d) Phase-contrast images of viable cells. (e) Percentage cell viability for days 1, 3, 5, and 7 by MTT assay (scale bar: 50 μm).](ao9b03678_0005){#fig4}

[Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a shows the ECG measurement results performed on the subject (male, 26 F) in a relaxed state using commercial Ag/AgCl electrodes as well as fabricated dry AgNW/PDMS. ECG measurements were recorded with a notch filter (50 Hz cutoff frequency) to reduce the power line noise. As we can see from [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b, the recorded ECG signals from AgNW/PDMS electrodes were similar to the signal obtained from the wet commercial Ag/AgCl electrode. Also, typical ECG features like the P wave, QRS complex, and T wave could easily be identified for all the electrodes, as shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c. To measure the frequency response of the ECG signal, power spectral density (PSD) was estimated using the built-in MATLAB function for a non-parametric Welch periodogram (Hamming window) as shown in [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03678/suppl_file/ao9b03678_si_001.pdf), Supporting Information. As shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c and [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03678/suppl_file/ao9b03678_si_001.pdf), similar frequency response curves were observed for both Ag/AgCl and AgNW/PDMS electrodes where the typical ECG features like the P wave, QRS complex, and T wave were easily identifiable for all the electrodes, and the ECG signals were captured accurately in the frequency range of 0--30 Hz. Due to the excellent conformability of the PDMS polymer substrate and the high conductivity of the silver nanowire film, the intensity of the signal is slightly higher in the case of the AgNW/PDMS dry electrodes as shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c. The signal to noise ratios of the conventional wet Ag/AgCl and dry AgNW/PDMS electrodes were calculated to be 24.6 and 25.4 dB, respectively. [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03678/suppl_file/ao9b03678_si_001.pdf) (Supporting Information) shows the ECG signal from AgNW/PDMS dry electrodes for 120 se.

![(a) Simultaneous ECG signal measurements from the Ag/AgCl and AgNW/PDMS electrodes. (b) Obtained ECG signal from the Ag/AgCl (black) and AgNW/PDMS (red) electrodes. (c) Enlarged view of ECG signal comparison from both electrodes.](ao9b03678_0001){#fig5}

[Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a,b shows the electrodes' placements for simultaneous recording of EMG signals from both Ag/AgCl and AgNW/PDMS electrodes. As shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a,b, the subject was holding an air blower and squeezing it at an interval of 5 s to flex the muscles. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c shows the EMG signals measured from Ag/AgCl and AgNW/PDMS electrodes. The quality of EMG signals obtained from both electrodes was comparable, and the signal intensity of the AgNW/PDMS was slightly higher than that of the conventional Ag/AgCl electrodes, as shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c. In order to show the reusability of as-fabricated AgNW/PDMS dry electrodes, we measure the EMG signal after one month as shown in [Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03678/suppl_file/ao9b03678_si_001.pdf) in the Supporting Information. As shown in [Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03678/suppl_file/ao9b03678_si_001.pdf), the EMG signal is almost similar to the EMG signal in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c, indicating the reusability of our electrodes.

![(a, b) Ag/AgCl and AgNW/PDMS electrode placement on the forearm for EMG measurements. (c) Simultaneously obtained EMG signals from Ag/AgCl and AgNW/PDMS electrodes.](ao9b03678_0004){#fig6}

4. Conclusions {#sec4}
==============

In conclusion, flexible and highly conductive AgNW/PDMS dry electrodes are fabricated by a simple and cost-effective vacuum filtration method, which allows the excellent adhesion of patterned AgNWs on the PDMS substrate. The skin-electrode impedance of the AgNW/PDMS electrodes is slightly less than that of the conventional Ag/AgCl electrodes. The cytotoxicity test confirms 90% cell viability over the period of 7 days, and hence AgNW/PDMS electrodes are observed to have no cytotoxic effect on the living cells. The AgNW/PDMS dry electrodes are capable of recording better quality electrophysiological signals compared to those of the conventional Ag/AgCl wet electrodes.
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